This paper describes the phenomenon of stall and surge in an axial flow aeroengine using fast response static pressure measurements from the compressor of a Rolls-Royce VIPER engine. It details the growth of flow instability at various speeds, from a small zone of stalled fluid involving only a few blades into the violent surge motion of the entire machine.
INTRODUCTION
A great deal of work has been expended in recent years to understand the nature of stall and surge in axial flow compressors. Most of the woi:k has centred on theoretical calculations and on low and high speed compressor measurements in a rig environment, which are not. necessarily representative of surge/stall in a real engine. For a complete picture of stall/surge the compressor cannot be treated as an isolated component. Rather, stall/surge is a system instability heavily dependent on the environment in which the compressor is operating. This is clearly seen in the work of Greitzer (summarised in Moore and Greitzer, 1985) , where the entire compressor is modelled by a single characteristic. In spite of this, little data has been published from compressors in an engine environment. The objective of this paper is to start to fill this gap by presenting a fairly broad range of results from a highly instrumented engine compressor.
It was decided to put sufficient instrumentation into a high speed axial flow engine to trace the inception of stall/surge. The Rolls-Royce VIPER engine was chosen as a test vehicle because of the relatively small size and simple single shaft geometry.
Kulite pressure transducers were chosen for tracing the flow disturbances, being sufficiently rugged to survive the engine environment. Data was collected at 4000 points per second on a 32 channel A-D converter, and fed to a PC-compatible COMPAQ computer. The data was recorded in a four second long rolling buffer, frozen manually on hearing a surge/stall event.
Various methods were developed to analyse the time histories of the pressure measurements. Three types of plat were chosen for this paper as being particularly suitable for showing qualitatively the stall/surge inception process. These are described in appendix 1.
Our particular interest is in stall inception; the very start of the stall/surge event. This is distinct from the general event in that the timescales are short, down to two rotor revolutions for our engine at top speed. Thus it may be expected that the start of the stall event is heavily dependent on local conditions around the point of inception. This paper shows that inception can be traced to a localised area within the compressor, and further that the point of inception moves with speed in the same way that would be predicted by a conventional stage matching argument. 
Fig 2. Compressor Stage Characteristics
It is intended to use the test results presented here as the basis for a model of the stall/surge inception process. This work is beyond the scope of the present paper.
TEST RIG
The Rolls-Royce VIPER engine chosen for the experimental work (fig 1) generates a thrust of 14.7 kN at a shall speed of 13800 rpm. The compressor is a 0.7m long eight stage machine with DCA blading, giving an overall pressure ratio of 5:1. A typical mid-stage at the 100% speed surge point operates at about Va/U =0.64, with a rotor relative exit angle of 26 degrees and a stator absolute exit angle of 22 degrees at mid-span. The compressor has an IGV giving 25 degrees of preswirl, and an OGV at exit to return the flow to axial. The Mach number varies from just over 0.9 at rotor 1 tip to 0.4 at compressor exit. The outer radius of the compressor is constant from stage 1 exit rearwards at 0.216m. Day (1991a) , which showed that flow instabilities start as circumferentially small regions of stalled flow, the compressor was instrumented with rings of five Kulite static pressure transducers, more or less eguispaced around the outer wall of the annulus. Rings of transducers were placed upstream of the first rotor, above the third stator, above the fourth stator, and above the seventh stator. A further Kulite was placed in the exit duct. Mass flow was measured by an airmetcr at compressor inlet, with a Druck pressure transducer.
In order to investigate the stall/surge behaviour of the machine it was necessary to artificially raise the working line. At low speed this can be achieved by rapid overfuelling. To raise the working line at higher speeds a large pressure vessel was used to inject high pressure air (up to 2000 kPa) through a control valve into the combustion chamber. At intermediate speeds the surge line could be approached gently by injecting air at insufficient pressure to stall the machine and then decelerating slowly. At top speeds this process caused unacceptably long periods of high jetpipe temperature, arid so higher pressure air was injected, causing an immediate engine surge.
The Kulite measurements were averaged circumferentially to produce the stage characteristics presented in fig 2. These arc approximations to individual stage characteristics for typical stages between the Kulite rings, taken from transient measurements at three speeds whilst approaching surge/stall. Although they are only approximate, they do show the expected form. At low speed the front stages appear to be operating on a positively sloping characteristic, while all the later stages are operating on a negative slope. At higher speeds the front stages move away from stall, whereas the rear stages move further up their characteristics. The stage 5-7 characteristic starts to turn over at 98% speed. Note, however, that the last stage always operates on a negative slope, even at top speed (98% nominal). At low to mid speeds (60-80% design speed) the mean compressor operating point simply drops during the stall transient to a lower level of flow and pressure ratio.
ANALYSIS OF SURGE/STALL REGIMES
At intermediate speeds (around 80% speed) there is a sharp dichotomy in stall/surge behaviour, along the lines of the theoretical model of Moore and Greitzer (1985) . Below 81% speed the event is as described above. Above 81% speed the engine develops violent multiple surge, where the mean flow and pressure rise drop to around zero, and then climb again to near their pre-surge levels. Only the mass flow variations are captured by the slow response measurements presented in fig 3 (fast response pressure measurements are presented later, fig 7) . The whole cycle repeats At high speeds (above 88% speed), the pressure rise and flow drop to near zero without climbing again. The engine also requires relighting. It can be inferred that the initial surge is sufficiently violent to cause a flameout, preventing a multiple surge as seen between 81% and 88% speed. 
Low Speed Stall Event
At low speed the engine was stalled by overfuelling. The compression system moves through various regimes of rotating stall, both before and afler reaching the surge line (defined conventionally as the point of irretrievable breakdown of the flow structure).
Fig 4a maps out static pressure around the outer annulus wall during the overfuelling, but prior to reaching the surge line at 60% speed. The 5 axial planes correspond to the Kulite measurement planes upstream of the first rotor, above the third stator, above the fourth stator, above the seventh stator, and in the exit duct. The pressure at each stage is shown relative to a datum level at the start of the event. 'T he compressor turns in a clockwise direction viewed from the front, which is from left to right on fig 4a. Appendix 1 gives details of how the plot is constructed from the available static pressure data. The four patches of high static pressure at the front of the compressor represent four areas of low axial momentum fluid, or stall cells, lime histories of the various Kulite measurements show that the cells are rotating at slightly difTerent rates, but all at around 57% of rotor speed. Each cell has a 'tail' of low pressure reaching part way along the length of the compressor. 'Fhis picture is consistent with the existence of a number of stalled blade passages, limited circumferentially to the region of each individual stall cell, and axially to a region between the first measurement at rotor 1 entry and the second above Fig 4b shows the same map 50ms (7 rotor revolutions) later, as the compressor is just crossing the surge line. Note that the origin of the x axis has been shifted around the compressor relative to fig 4a, according to the procedure in appendix 1. This keeps the disturbance from moving across the page on successive plots, and allows its development to be followed more easily. One of the stall cells has disappeared almost entirely, leaving three irregularly spaced cells with the one on the right much the strongest, reaching almost axially to the back of the compressor. The next figure shows it to have deepened further 125ms (17 rotor revs) later. The high static pressure area in the middle of the compressor indicates more stalled bladerows towards the back of the machine, tell in the wake of the stall cell as it rotates around the annulus.
By fig 4d, just 12.5ms (1.7 rotor revs) tater, the strongest cell has grown significantly. The leading edge of the cell still proceeds at much the same rate, but the trailing edge lags further and further behind, until in this frame it is about to swallow one of the other two cells. This large cell slows to about 40% rotor speed, swallowing both of the smaller cells. Figs 4b to 4d and 5 all show a significant region of high static pressure at compressor exit axially aligned with the trailing edge of the stall cell. A similar phenomenon occurs at higher speeds (cg figs 9d, 11d, 15c), with a related low pressure region at the leading edge of the stall cell. This is not considered in detail in this paper. It is noted, however, that the flow in the duct between the compressor and combustor is axial. The phenomenon can then be explained as the result of low momentum fluid emanating from the rotating stall cell.
Fig 6 shows the change from 3 stall cells to 1 (corresponding to the data in figs 4c to 4d and 5) in a different format. I lore the rotor I inlet pressure is plotted around the annulus with time moving out from the centre (see appendix 1 for a complete description of the plot). The stall cells move round the annulus with time, giving rise to the spirals. 1 hree cells are visible at the centre of the plot. Two of these keep roughly constant in size while the third grows stronger. The two smaller cells eventually die out, leaving only the one large cell, which develops into stable rotating stall.
The low speed results show that the compression system moves relatively slowly through various regimes of rotating stall. Even on the stable side of the surge line the compressor exhibits stable rotating stall, with four stall cells limited to the front of the compressor. During the stall transient these four cells reduce to three, one of which spreads axially to the back of the machine, and then grows 
Mid-Speed Stall/Surge
There is a sharp change in stall/surge behaviour at around 81% speed. Up to this speed the compression system develops stable single-cell rotating stall. Above this speed the engine goes into violent multiple surge. This is illustrated in fig 7, which shows time histories from each of the Kulites at each of the 5 measurement planes, normalised at each axial plane to the same starting value. Fig 7a shows a stall event at 78% speed. The engine has been decelerated slowly from 90% speed with air injected into the combustion chamber at a constant pressure of 500 kPa. The compressor exit pressure is seen to drop dramatically and remain at a new lower level. Fig 7b shows a similar event with a slightly higher level of air injection (700 kPa), causing the engine to hit the surge line at 82% speed. This time the overall pressure ratio drops nearly to unity, before climbing back to almost its original level. This process is repeated indefinitely, the gradual drop in peak pressure being related to a slow run-down in engine speed. Close inspection of the pressure rise prior to each surge shows that each stage in turn reaches its normal operating point, starting with the front stage and moving backwards. This is consistent with a conventional stage matching argument that the rear stages are operating near choke until the front stages begin to produce some pressure rise.
Fig 8 shows a 'spiral plot' of the static pressure at stage 4 during the 82% speed multiple surge event (see appendix 1 for a description of this plot). Beneath this are the time traces of the individual Kulite measurements on the same scale. The spiral plot shows the onset of rotating stall as a spiral at the start of the event, which dies away as the pressure level drops. The disturbance remains broadly axisymmetric until the pressure returns to almost the same value as before the surge. Rotating stall is again shown as the pressure begins to drop, and returns at the same point on each successive stall. It is important to note that rotating stall is the first sign of any disturbance for the first surge event, whereas the compressor exit pressure (not shown on fig 8) starts to drop before the onset of rotating stall in the second and subsequent surges of the multiple event.
Figs 9 and 10 show static pressure maps at various times during the stall event at 78% speed. The first sign of any disturbance (fig 9a) is again at the front of the compressor. This is consistent with the stage characteristics in fig 2, which show the front stages of the machine to be furthest towards stall at this speed. The stall cell is rotating at roughly 56% of rotor speed. Like the low speed data, the cell spreads almost axially to the back of the machine, only this time much more quickly (figs 9b-9d, at 5ms intervals, or roughly 1 rotor revolution). IIaving grown axially, it proceeds to grow circumferentially, as shown in fig 10. Fig  10a is the same as fig 9d, but with a new pressure scale.
Eventually it occupies about half the circumference and settles into stable rotating stall (figs 10c, 10d)
Figs 11 and 12 show static pressure maps for the 82% speed event. The initial stall cell rotational speed is slightly higher than the 78% speed event, scaling almost exactly with rotor speed. Figs 11 and 12 are taken at the same time intervals as figs 9 and 10, and are notable in that they show an almost identical pattern of stall cell development, even though the subsequent history is entirely different. In this case the stall cell continues to grow circumferentially until the flow becomes axisymmetric once more (fig 12c) . Having become axisymmetric, the flow returns to almost the same flow arid pressure ratio as before the event, before repeating the cycle. Fig 12d shows the pressure map 85ms (16 rotor revs) into the event, where the pressure at the back is almost back to the original level.
The different post-stall behaviour in the 78% and 82% speed events is highlighted in figs 13 and 14. Static pressure maps are shown for the first three axial planes only, on an expanded scale, at an equivalent point in the two events (just after the limes of fig 10c and 12c respectively) . Fig 13 shows the stall cell still to be present at 78% speed, whereas at 82% speed fig 14 shows the flow to be much more uniform circumferentially.
The difference in post-stall behaviour above and below 81% speed confirms the picture of surge/stall proposed by Greitzer (summarised in Moore and Greitzer, 1985) . The stall inception process, however, is almost identical on either side of this critical speed. Events at 78% and 82% speed both start with a rotating stall cell at the front of the compressor, which grows rapidly to the back of the compressor and then circumferentially. Below 81% speed the circumferential growth stops, to leave a single rotating stall cell, with the compressor operating steadily in the mean, but at a much lower overall pressure ratio and flow. Above this speed the flow becomes axisymmetric once more, and the overall pressure ratio drops to nearly unity, before climbing again to almost the same operating point as before, and repeating. The timescale of the stall/surge inception process is in both cases around 35ms or 6.6 rotor revolutions.
High Speed Surge
Surge events are fastest at high speed. The engine was stalled at 98% speed by injecting air at 1000 kPa into the combustion chamber. . This is consistent with a region of stalled blade passages between the middle of the compressor and stator 7, with the unstalled passages unable to produce the required pressure rise, giving rise to a high pressure region upstream and a low pressure region downstream. This picture is again compatible with the stage characteristics (fig 2) , which reach peak pressure rise in the region between stages 4 and 7, whilst the upstream and downstream characteristics have a clear negative slope.
The stall cell, rotating initially at about 47% of rotor speed, grows extremely rapidly, first in the axial direction and then circumferentially until the whole annulus is affected and the flow becomes more and more axisymmetric (fig 16d) . The pressure ratio drops away rapidly to near unity. Unlike the 82% speed case the initial surge is violent enough to produce a flameout, preventing a multiple surge. The stall inception process is much faster than at lower speeds. From the first sign of a disturbance to a significant drop in overall pressure ratio takes about 10ms or 2.25 rotor revs (roughly 1 revolution of the stall cell). 
INLET DISTORTION AT HIGH SPEED
Fig 18 shows static pressure above stator 4 during a surge at 98% speed, with an inlet distortion gauze fitted over the bottom half of the annulus (the position is marked more accurately on the plot). Time is increasing outwards from the centre. The spirals represent stall cells rotating at about half compressor speed, as for the undistorted case. The gauze has the effect of attenuating the depth of the stall cell: each cell diminishes as it enters the region downstream of the gauze, and then grows again in the clean flow area. This is consistent with the observations of Longley and Greitzer (1992) . In this case (fig 18) , the first cell disappears entirely in the gauze region, and a second cell grows that eventually initiates the surge event. Thus the effect of the gauze, apart from degrading the overall surge pressure ratio, is to provide a stabilising influence on the compressor, such that the initiation of stall/surge takes place over a longer timescale. Fig 19 shows time histories of all five Kulite measurements at stage 4 (separated by an arbitrary amount on the y axis) during two separate surge events at 98% speed. The first event, shown by the solid lines, was brought about by injecting air at 1000 kPa into the combustion chamber. The second, shown by the crosses, was started by injecting air at 2000 kPa, thus approaching the surge line much more quickly. The matching on the timescalcs was chosen to give the best fit. To further improve the fit Kulite 3 from the first case was plotted over Kulitc 1 from the second, Kulitc 4 over Kulite 2, and so on. This shows that stall inception on this engine is not tied to a particular circumferential position, although at lower speeds (where the surge line is approached much more slowly), there was evidence of preferred circumferential positions. 
REPEATABILITY

4
It0111111111tot.,...
• • iiUIUIIIIii i.,.
.,1011111111111111111111111I i
. 
CONCLUDING REMARKS
This paper lays out the stall/surge behaviour of a compression system in a high speed axial flow engine. Surge/stall on the VIPER engine is shown to be a deterministic event with clearly defined features varying with speed. Rotating stall is found to exist at the start of every stall/surge event, with the point of inception moving axially rearward with increasing speed in accordance with conventional stage matching principles.
Many of the ideas about surge and stall from compressor rig and theoretical studies have been confirmed; that stall/surge starts with a rotating stall cell of limited circumferential area (Day, 1991a) , that the compression system ends up in rotating stall or multiple surge depending on speed (Moore and Greitzer, 1985) , and that rotating stall is visible at the start of every surge/stall event (Day 1991b, Riess and Bloecker 1987) .
At low speed the 'stall point' is identified as a change in the type of rotating stall from multiple cells limited to the front of the compressor to a single cell reaching axially along the entire length of the machine. At intermediate speeds a dichotomy in the stall/surge behaviour is seen along the lines of that described by Moore and Greitzer (1985) . Up to 81% speed the engine settles into stable rotating stall. At higher speeds there is a multiple surge. These events start, however, with an almost identical pattern of stall inception, with initially a single cell of rotating stall starting at the front of the machine. At still higher speeds the inception point moves towards the rear of the machine, and a multiple surge is prevented by flameout.
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• Three types of graph are presented in this paper which require explanation. The first is the map of static pressure around the compressor casing (eg fig 4a) . The data for this graph comes entirely from the rings of Kulite measurements along the compressor and the single Kulite at compressor exit. Much of the data presented in this paper is related to flow disturbances which rotate fast around the compressor, but change slowly in time (relative to the time taken for the disturbance to get from one measurement position to the next). In these circumstances the type of interpolation used can be significant. It is easier to trace the development of the disturbances if they are kept stationary on the x axis for successive time steps. This was achieved by moving the origin of the x axis between plots around the annulus at the same (constant) rate of rotation as used in the interpolation procedure. A circumferential offset was then chosen for each speed to position the disturbance in the centre of the picture, although changes in the rotational speed of a stall cell as it develops mean that over a period of time it does move off centre. Changes in rotational speed also affect the quality of the interpolation. Once the disturbance gets circumferentially large, however, the effect of the poorer interpolation is quite small.
The second type of graph is seen in fig 6. The same type of interpolation is used as for the static pressure maps, although in this case for only one measurement position. A polar plot is produced, where time increases radially, and the circumferential position reflects the true geometry of the compressor, viewed from the front. A high pressure level is represented by a high density of points on the plot. The third type of graph is used for figs 8 and 17. In these figures the first (circumferential) harmonic of the pressure signal is plotted in a complex plane perpendicular to a time axis inclined into the page at an angle of 20 degrees. For a single cell disturbance this means, broadly speaking, that the 'spokes' within the spiral shape are of a size proportional to the size of the pressure disturbance, and point along the direction of maximum pressure. Thus a single cell rotating stall, for example, where the direction of maximum pressure moves around the annulus with time, would be seen as a spiral around the zero level. The individual Kulite measurements are shown underneath the spirals to the same scale (though shifted to an arbitrary level). In order to produce smooth spirals the data was filtered to roughly once/rev frequency. This process introduces a very slight delay to the spiral plots relative to the Kulite measurements.
Note the difference in timescales between figs 8 and 17. The former plots data over several repeating surges, whereas the latter plots data for a single surge event. The 'spokes' in fig 8 are lms apart. In fig 17 they are 1/4ms apart.
